The authors found that oxygen plasma etching of polyimide (PI) with aluminum (Al) as a hard-etch mask results in lightly textured arbitrary shaped "fur-like" residues. Upon investigation, the presence of Al was detected in these residues.
Introduction
Polyimides (PI) are thermosetting ring chain polymers comprising of repeating chains of imide monomers. Polyimides are extensively used in Micro-ElectroMechanical Systems (MEMS) devices because of their outstanding properties such as excellent chemical resistance [1] , high thermal stability [2] , high mechanical strength [3] [4] and good dielectric properties [5] [6] . Polyimides are used as sacrificial layers, structural layers, isolation layers and as substrate material in flexible/stretchable electronic circuits [7] . A good example of a technology that makes use of many of the aforementioned properties of PI is the Flex-to-Rigid technology (F2R) [8] . F2R was developed to assemble complex electronic systems, such as for ultra-sound imaging, on the tip of smart-catheters. It enables the fabrication of arbitrary shaped Si islands containing sensors and electronics that are fabricated by through-wafer DRIE etching and that after etching remain suspended in the silicon wafer by tiny PI tabs (Fig. 1) . The rigid silicon sensor islands are interconnected using stretchable metal interconnects embedded in the PI. Here the PI acts as a substrate as well as an isolation layer for the interconnects. Dry etching of this PI layer renders the embedded interconnect layer free. These free standing interconnects [9] can bend out of plane when stretched, increasing the stretchability of the device in Fig. 1 .
Polyimides can be of two types: photosensitive and non-photosensitive. In this paper, only non-photosensitive polyimides will be addressed. Patterning of the PI can be achieved by using either a resist mask or a hard-etch mask. In general, the selection of a mask is based on firstly, the selectivity of the etch process towards the mask, and secondly, its ease of integration as a masking material in the flowchart. Polyimide is usually dry-etched in gas mixtures primarily containing oxygen. This makes the selectivity of the etch towards resist very poor so that consecutively the mask erodes rapidly during the plasma etching.
The selectivity of the PI etch with a photoresist mask is 1:1, implying that the PI and resist layers are etched at an equal rate. This requires the resist mask to be at least as thick as the underlying layer of PI. Thick resists, however, have a limitation for high resolution lithography, for both positive and negative tone
resists. An alternative that has been adopted in the microfabrication industry, is the use of a hard-etch mask. In this approach, a metal layer like Al, Ti, Mo etc. is used as a mask for the patterning of the underlying PI layer, where the mask is unaffected by the plasma chemistry of the PI etch. However, according to literature [10] , the adhesion of a metal layer to an untreated surface of polyimide is poor due to its low specific surface energy. For a proper adhesion After the reactive ion etch (RIE) etch of PI, (b) the interconnects are rendered free standing while the PI tabs remain. On the right, (c) a 6-inch test device wafer with the sacrificial PI tabs holding the devices together after the RIE etch. These tabs can be easily cut using laser to (d) isolate the device from the wafer. Upon stretching of the device, as seen in the SEM (e) the free standing interconnects bend out of plane to enhance the stretchability. The device is elaborately explained in the literature from Shafqat. S et. al. [9] of the metal mask to the PI, a short Ar + sputter-etch of the polymer surface is recommended [10] . The metal layer is then patterned using a resist mask in the desired shape for the etching of PI. Prior to the etching of PI, the photoresist is stripped in acetone.
The plasma chemistry used for the etching of PI consists of oxygen radicals which break the unsaturated groups within the chemical structure of the polyimide.
After etching of the polyimide using an Al metal mask, residues on the etched areas were observed. These residues were arbitrary in shape, and appeared light in texture, and for ease of understanding will be referred to as fur-like residues in this paper. Similar residues have been reported in the literature [11] [12], wherein the silicon content in the self priming and silicone modified polyimides played a role. In this paper, however, we do not use either of the polyimides, thus eliminating the cause of the aforementioned occurence of the residues after reactive ion etching. The presence of these residues is undesirable as it leads to process instability and may interfere with the subsequent microfabrication
steps. An interesting outlook towards these residues could be to harness them for the formation of nanowires, black silicon or in the Bosch process by controlling the residue size and density. However, it will be not be discussed in this paper as it is beyond the scope of this study.
The goal of this work is to investigate the origin/nature of these "fur-like" 
Experiment
The presence of the residues was first observed during the fabrication of a device wafer with test structures to characterize free-standing interconnects [9] ( To obtain a good adhesion between polyimide and Al hard etch mask, the surface of polyimide is sputter etched in an Ar + ion plasma (50 sccm Ar gas, 300 W, 100 s in Veeco 2 Nexus, UHV system), where the charged Ar + ions accelerate towards the PI surface creating micro roughness on the surface as well as chemically modifying the PI structure [13] . This is done to ensure a good chemical as well as mechanical bonding of metals like Al, Cu, Ni etc. to PI, which can be challenging due to its low surface energy [14] . 
Results and Discussions
To begin the investigation, the composition of the residues in the reference sample was determined ( Fig. 3-a) . This was done using an energy dispersive
x-ray analysis (EDX), which is an elemental analysis technique that uses x-ray energies given off by the atomic structure of the emitting elements to determine the composition of the present elements [16] . The analysis showed that next to Si, O 2 , F, C etc. from the substrate underneath, an additional peak of Al was present (Fig. 3-b) . The result of the analysis leads to an immediate and first theory of metal redeposition from the Al hard etch mask during the plasma etching of PI. According to this theory, the Al metal mask gets bombarded by ions during plasma etching and redeposits on the surface of the PI resulting in micromasking which can lead to grass formation. Previously, in literature [17] [18], the presence of these grass-like residues could only be observed in the proximity of Al structures. However, in the reference experiment the residues were observed to be homogeneously distributed over the etched areas, and even on areas that were distant from the metal mask (Fig. 2) . To challenge this theory, sample A in experiment 1 was processed the same way as the reference sample except that the metal hard etch mask was completely removed by wet etching and the PI was blanket etched (Table 1) . This excludes the possibility of the mask being redeposited on PI. However, SEM inspection again showed the presence residues over the SiO 2 surface on both the samples. Upon EDX analysis, the presence of Al was again confirmed in the residues. This dismisses the redeposition and micromasking theory. Another possible explanation for the residues is that the metal hard etch mask is not completely etched during the wet etching. Increasing the temperature or duration of the wet etch (200% over-etch) of metal mask did not change the results. To remove these residues the substrate was immersed in a PES etch shortly after the PI was etched by RIE. Upon inspection it was observed that the residues had been removed. This is one of the methods to eradicate the residues. However, this approach is not suitable for test device like structures as mentioned previously with free standing exposed metallic structures. Any kind of wet etchant leads to loss of the free standing structures due to the viscous forces acting upon them. This method is therefore only suitable for samples with no free standing structures and no exposed and active metal areas.
The etched mask area of the PI after the removal of the residues with PES etchant was studied under the SEM and a sparkly formation was observed on the PI (Fig. 4-a) . Materials like polyimide are electrically non-conducting and normally show charging in a SEM. To prevent charging usually, a conducting surface coat must be applied to provide a path for the incident electrons to flow to ground. Unlike a normal polyimide, the polyimide at the locations of the metal mask did not show any charging, suggesting signs of certain metal inclusions on the top surface. The sparkles and the substrate underneath (PI) it was investigated with an EDX analysis, and traces of Al were again measured in the spectra (Fig. 4-b) .
A second hypothesis based on these results was drawn; the formation of micro/nano pockets on the surface of the PI where the Al gets deposited while sputtering. These pockets/roughness is created during the Ar + ion sputter etch to improve adhesion of the metal to PI [13] .
Upon wet etching of the patterned metal, the metal in these pockets is not etched due to the low surface energy of PI, like most of the polymers [19] [20] [21] .
Increasing the duration of the wet etch in such a situation had no effect. This polyimide when etched in an oxygen plasma, gets etched except the pockets of Al which may act as micro-masks and eventually form "fur-like" residues in the end. The sputter etch is suspected to play a role in the formation of In order to determine the cause of the formation of these residues, two more explanations were investigated. In the first theory, it is assumed that the surface of PI forms activated carbon after a short sputter etch in an Ar where the root mean square (RMS) deviation of the surface is measured to be 0.5 nm and 4.7 nm before and after 100 s sputter etch, respectively ( Fig. 6-a) .
The reference plane for the calculation of this parameter is the mean plane of 14 the measured surface. The metal inclusions in the grooves do not get etched in the Al etch as the wettability of PI is low, making wetting of the grooves difficult during the PES etch (Fig. 6-b) . In order to support this theory, the metal mask is dry etched in a Cl 2 chemistry plasma (5 mTorr) instead of the wet etchant. An over etch of 15 s is used to ensure the removal of the entrapped Al in the roughened PI. This does not effect the underlying PI layer. In the next step the PI is etched in exactly the same way as in the previous experiments and the surface is inspected in the SEM. SEM analysis showed no presence of residues on the surface, confirming this theory. This final result was tested on the sample C reported in experiment 3 (Table 1) , where all the fabrication steps remained the same as the reference sample except the patterning of Al mask on top of PI. After the PI etch, the results show "fur free" free standing interconnect structures as shown in Fig. 7 .
The role of metal mask deposition method was also studied in experiment 4. In this experiment sample E was prepared by depositing metal mask via evaporation instead of sputtering (sample D). After the PI etch, no residues were observed in the SEM. However, the sample surface has no sputter etch prior to the mask deposition as this cannot be incorporated in the metal evaporation tool. Although this is a solution, the metal-PI adhesion issue cannot be addressed using this deposition technique. Hence, this was not considered as a desirable solution.
Conclusions
In this paper, residues formed after dry etching of polyimide using Al hard etch mask have been investigated. Generally, according to literature [10] , a short sputter etch is used on the surface of PI before depositing Al as a hard etch mask for a better adhesion. The metal mask deposited after the sputter etch forms metal "inclusions" on the top roughened PI layer. These inclusions do not get etched in the wet etch of the metal mask due to the low surface energy of PI [15] . This leads to the formation of metal containing residues after the PI etch. The residues can be removed using wet etchant like PES, but this approach becomes unfeasible if there are exposed active metal structures. A one-step dry etch of the metal mask solution has been investigated in this paper using a slight overetch. This slight overetch is enough to erode the top layer of the PI and remove the metal inclusions, thus enabling a "fur-free" PI etch.
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